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The f i r s t  d i r e c t  ionospheric e l ec t ron  temperature measurements were made by 

equal  area, b i p o l a r  Langmuir probes, c a l l e d  "Dwnbbells" (Spencer e t  a l . ,  1962; 

Brace e t  a l . ,  1963). 

-- 

The temperatures which were measured by these  probes were 
L- 

considerably h ighe r  than the  accepted values a t  t h a t  time, making t h e s e  r e s u l t s  

h igh ly  c o n t r o v e r s i a l .  

samples only t h e  r e l a t i v e l y  high energy ambient p a r t i c l e s  and t h e r e f o r e  a non- 

An equal  area b i p o l a r  probe, due t o  i t s  i nhe ren t  operat i3n,  

Mamellian d i s t r i b u t i o n  could r e s u l t  i n  a n  erroneous temperature i n t e r p r e t a t i o n .  

To check f o r  t h i s  p o s i b i l i t y ,  each of t h e  l a s t  two Dumbbell experiments NASA 6.04 

and NASA 6.05 c a r r i e d  a c y l i n d r i c a l  probe which was operated as a h igh ly  unequal 

ai-ea, 7 o i p o i a r  Larlgrnuir probe with the whole Zlumbbeii su r f ace  a c t i n g  as t h e  r e f -  

erence body. This  arrangement resul ted i n  a s u f f i c i e n t l y  high a r e a  r a t i o  t o  

permit t h e  sampling of t h e  m a i n  port ion of t h e  energy d i s t r i b u t i o n .  These 

c y l i n d r i c a l  probe experiments indicated t h a t  t h e  e l e c t r o n  energy d i s t r i b u t i o n  

i s ,  a t  least  predominantly, r*laxwellian i n  t h e  E and F regions of t h e  iono- 

sphere and t h a t  t h e  high temperatures a r e  c o r r e c t .  

The Dumbbell experiments a l s o  provided-besides t h e  e l e c t r o n  temperature 

data-ion d e n s i t y  information, which was derived from t h e  i o n  cu r ren t  measure- 

m e n t s .  The i n t e r p r e t a t i o n  of t h e  i o n  cu r ren t  i n  terms of ambient d e n s i t y  i s  

complicated by t h e  following two important e f f e c t s .  The extension of t h e  

c l a s s i c a l  s t a t i o n a r y  Langmuir probe theory (Mott-Smith and Langmuir, 1926 ) t o  

s a t e l l i t e  o r  rocket-borne probes, has shown t h a t  t h e  i o n  cu r ren t  i s  h igh ly  



v e l o c i t y  and o r i e n t a t i o n  dependent, s i n c e  t h e  t y p i c a l  rocket  v e l o c i t i e s  are i n  t h e  

o r d e r  of t h e  ion  thermal v e l o c i t i e s .  The o t h e r  e f f e c t  which complicates t h e  i n t e r -  

p re t a t io r i  vf t h e  ioti cu r ren t  i s  t h e  photocurrent  caused by s o l a r  e lectromagnet ic  

r a d i a t i o n .  

d e n s i t y  a t  about 800 km. 

This photocurrent d e n s i t y  i s  of t h e  o r d e r  of  t h e  random i o n  cu r ren t  

The e l e c t r o n  current i s  r e l a t i v e l y  i n s e n s i t i v e  t o  both of  t h e s e  e f f e c t s  s i n c e  

( a )  t h e  e l e c t r o n  thermal v e l o c i t i e s  g r e a t l y  exceed t y p i c a l  rocket v e l o c i t i e s ,  and 

( b )  t h e  rando..?, e l ec t ron  cu r ren t  d e n s i t y  i s  many times g r e a t e r  t han  t h e  photocurrent  

d e n s i t y  up t o  seve ra l  thousands of k i lome te r s .  It becomes, t h e r e f o r e ,  a t t r a c t i v e  

t o  use t h e  e l e c t r o n  cu r ren t  c h a r a c t e r i s t i c s  f o r  t h e  determinat ion of t h e  ambient 

charged p a r t i c l e  densi ty .  

I n  t h i s  r epor t  t h r e e  d a t a  reduct ion techniques are used t o  o b t a i n  t h e  e l e c -  

t r o n  d e n s i t y  and the r e fe rence  body p o t e n t i a l  from t h e  experimental  e l e c t r o n  

cu r ren t  c h a r a c t e r i s t i c s  of a c y l i n d r i c a l  probe c a r r i e d  by Dumbbell NASA 6.05 ,  

which was f i r e d  a t  23.25 p.m. l o c a l  t i m e  on December 21, 1961, from Wallops 

I s l a n d ,  Virginia .  In t h e  las t  s e c t i o n  t h e  r e s u l t s  obtained by t h e  d i f f e r e n t  

methods are compared and c r i t i c a l l y  discussed.  
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THE CYLINDRICAL PROBE EXPERIMENT 

A block diagram of t h e  c y l i n d r i c a l  probe arrangement used on NASA 6.05 i s  

shown i n  F ig .  1. The c o l l e c t o r  was 7 i n .  long with a diameter of .022 i n .  The 

j i n .  c o a x i a l  guard e l e c t r o d e ,  which was maintained a t  tne same p o t e n t i a i  as t h a t  

of t h e  c o l l e c t o r ,  ensured t h a t  t h e  c o l l e c t i n g  c y l i n d e r  was ou t s ide  t h e  sheath of 

t h e  Dumbbell and it a l s o  helped i n  maintaining a uniform sheath a t  t h e  inne r  co l -  

l e c t o r  t e rmina t ion .  The cu r ren t  t o  t h i s  guard was not measured as ind ica t ed  i n  

t h e  block diagram shown i n  Fig.  1. 

t i o n ,  a 3 c / s  sawtooth vol tage was applied t o  t h e  c o l l e c t o r  and t h e  guard, with 

During t h e  " c y l i n d r i c a l  probe" mode of  opera- 

t h e  e n t i r e  Dumbbell su r f ace  a c t i n g  as  t h e  r e fe rence .  

Small Cylinde 
Probe 
- 

1.78 v 
7- 

1 
Guard 

Dumbbell / o f @  
-2.5 v 

F i g .  1. Block diagram o f  c y l i n d r i c a l  probe system. 
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TIEOFBTICA L BACKGROUND 

The equat ions f o r  t h e  cu r ren t  co l l ec t ed  by a s t a t i o n a r y  c y l i n d r i c a l  probe 

immersed i n  a plasma, were derived by Mott-Smith and Langmuir (1926) .  An exten-  

s i o n  of t h i s  work t o  moving c y l i n d r i c a l  probes was c a r r i e d  out r e c e n t l y  by Kana1 

(1964). I n  obtaining h i s  equat ions Kana1  assumed a c o a x i a l  c y l i n d r i c a l  sheath 

about t h e  moving probe, which can only be considered as  a f i r s t - o r d e r  approxima- 

t i o n ,  but which i s  used u n t i l  a b e t t e r  model i s  obtained.  The r e s u l t i n g  gene ra l  

equat ions f o r  t h e  retarded and acce le ra t ed  c u r r e n t s  r e s p e c t i v e l y ,  are: 

where : 

k = B831tzmann's constant  

T = temperature 

m = mass 

N = number densi ty  

q = e lec t ron ic  charge 

A = c o l l e c t o r  a r e a  

K = A s i n  8 

4 



W = magnitude of t h e  probe ve loc i ty  

Ca = most probable speed of the p a r t i c l e  under 
cons ide ra t ion  

8 = angle  between t h e  probe ve loc i ty  vec to r  
and t h e  probe axis 

SVPP vo = - 
kT 

Vpp= p o t e n t i a l  d i f f e r e n c e  between t h e  probe and t h e  
ambient plasma 

= Vap + VD 

v = appl ied vol tage aP 

VD = p o t e n t i a l  of t h e  Dumbbell w i t h  respect  t o  t h e  
plasma 

r = probe rad ius  

a = sheath rad ius  

r(V,x)= incomplete gamma funct ion 

Jn (x )=  Besse l  func t ion  of o r d e r  n 

Since t h e  thermal v e i o c i t y  of t h e  e l e c t r o n s  i s  very l a rge  i t i  comparison with 

t y p i c a l  spacecraf t  v e l o c i t i e s ,  K can be considered t o  be zero for e l e c t r o n s .  The 

Debye length corresponding t o  t y p i c a l  nighttime F-region condi t ions i s  of t h e  order  

5 



of 1 cm. The dimension of  t h e  sheath which surrounds t h e  c o l l e c t o r  i s  of t h e  

o r d e r  of t h e  Debye length and s ince  t h e  r ad ius  of t h e  c o l l e c t o r  used i n  t h i s  

experiment i s  only .O27 cm, a very l a rge  a / r  r a t i o  ( shea th  r ad ius  t o  probe 

r a d i u s )  r e s u l t s .  

E q s .  (3 )  and (4), r e spec t ive ly  

The cu r ren t  E q s .  (1) and ( 2 )  f o r  K+O and a/r* are given by 

where : 

e r fc  ( x )  = complimentary e r r o r  func t ion  

The condi t ions used t o  o b t a i n  E q s .  (3)  and (4 )  are app l i cab le  t o  t h e  e l e c -  

t r o n  cu r ren t  c h a r a c t e r i s t i c s  of a small c y l i n d r i c a l  probe of t h e  type used i n  t h i s  

experiment. These equations a r e  t h e r e f o r e  used f o r  t h e  e l e c t r o n  cu r ren t  a n a l y s i s  

described i n  t h i s  r epor t .  Figures  2 and 3 show t h e  p red ic t ed  volt-ampere charac- 

t e r i s t i c s  of t he  c y l i n d r i c a l  probe f o r  a t y p i c a l  s e t  of parameters.  These char-  

a c t e r i s t i c s  were plot ted using E q s .  (3) and ( 4 )  f o r  t h e  e l e c t r o n  cu r ren t  and 

t h e  l i m i t  of Eqs .  (1) and ( 2 )  as a / r  -t CO, for t h e  i o n  cu r ren t  component. 

ures 2 and 3 show c l e a r l y  t h a t  t h e  ion  cu r ren t  i s  s i g n i f i c a n t l y  a l t e r e d  by o r i -  

Fig- 

e n t a t i o n  changes with r e spec t  t o  t h e  v e l o c i t y  vec to r ,  while t h e  e l e c t r o n  cu r ren t  

i s  e s s e n t i a l l y  independent of t h i s  o r i e n t a t i o n .  The curves p l o t t e d  i n  t h e s e  

f i g u r e s  assume t h a t  t h e  c y l i n d e r  i s  not i n  t h e  wake of any ob jec t  and t h e  v o l t -  

6 
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Fig. 2. 
probe under typical F-region conditions, showing the effect of probe 
orientation upon the ion current characteristic. 

Theoretical volt-ampere characteristic of a moving cylindrical 
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A = 2  
N, = N e  = 10" particles I m3 

A l l  8 
T p = T e  -1600OK 

-1 .5  

I t  i 

I I J 

-0.5 

I 

ts z 

111111' 

Al l  8 - 0 . 9  -0.7 -0.5 -0.3 -0.1 0 +0.1 

Probe to plasma potential (vol ts t  
Fig. 3. Theoretical volt-ampere characteristic of a moving cylindrical 
probe under typical F-region conditions, showing primarily the electron 
current region of the curve. 
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ampere c h a r a c t e r i s t i c s  which are analyzed i n  t h i s  r epor t  were chosen t o  s a t i s f y  

t h i s  cnndition. A t y p i c a l  experimental volt-aKpere curve i s  sh?wn ir, Fig. 4. 

Telemetry Signal 

NASA 6-05 
Wallops Is. , Va. 
2325 EST 
21 Dec., 1961 
A It it ude: 365 km 

0 0 .5  

I 

i . O  

I 

i . 5  

F ig .  4. Typical  telemetry d a t a  from t h e  c y l i n d r i c a l  probe. 
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VARIOUS DATA REDUCTION METHODS 

Equations (3) and (4 )  i n d i c a t e  t h a t  t h e  net  p o t e n t i a l  between t h e  plasma and 

t h e  probe must be known t o  permit t h e  determinat ion of t h e  e l e c t r o n  d e n s i t y  from 

t h e  e l e c t r o n  c u r r e n t .  Since t h e  probe i s  d r iven  a g a i n s t  t h e  Dumbbell, t h e  equi-  

l i b r i u n  p o t e n t i a l  of t h e  Dumbbell must a l s o  be found. The area r a t i o  of t h e  cy- 

l i n d r i c a l  c o l l e c t o r  and guard t o  t h e  t o t a l  Dumbbell su r f ace  i s  350:l. 

l a r g e  area r a t i o  i s  s u f f i c i e n t  t o  a s s u r e  t h a t  t h e  Dumbbell p o t e n t i a l  s t a y s  nea r ly  

constant  ( t h e r e  i s  a c t u a l l y  a small change which i s  discussed l a t e r )  during one 

sweep of t h e  sawtooth vo l t age ,  which i s  appl ied t o  t h e  c y l i n d r i c a l  probe. For a 

constant  Dumbbell p o t e n t i a l ,  it i s  a l s o  necessary t h a t  t h e  parameters which d e t e r -  

mine t h e  equi l ibr ium p o t e n t i a l  such as v e l o c i t y ,  o r i e n t a t i o n ,  d e n s i t y ,  temperature,  

e t c .  , do not change during a sweep pe r iod .  

c i e n t l y  f a s t  with respect t o  t h e  ,,Fabe motion t o  permit t h i s  assumption. 

Such a 

The 3 c / s  vol tage func t ion  i s  s u f f i -  

The r e t a rded  current equat ion ( E q .  3 )  shows a n  exponent ia l  r e l a t i o n  between 

t h e  c o l l e c t e d  current  and t h e  voltage, whereas t h e  equat ion for acce le ra t ed  cu r ren t  

shows a s t r3ng  departure from such behavior .  Therefore,  i d e a l l y  t h e  p l o t  of t h e  

e l e c t r o n  c u r r e n t  a8 a func t ion  of t h e  appl ied vol tage on a semilog paper w i l l  

r e s u l t  i n  a s t r a i g h t  l i n e  f o r  p o s i t i v e  appl ied vo l t ages ,  up t o  t h e  po in t  where t h e  

c y l i n d e r  reaches the  plasma p o t e n t i a l .  

t h i s  breakpoint i s  then equal  i n  magnitude and oppos i t e  i n  s i g n  t o  t h e  equ i l ib r ium 

reference (Dumbbell) p o t e n t i a l .  

m e n t a l  p o i n t s  i s  shown i n  Fig.  5 .  

The appl ied p o t e n t i a l  corresponding t o  

Such a curve, constructed from t y p i c a l  expe r i -  

A p l o t  of t h e  r e fe rence  p o t e n t i a l ,  VD, obtained 
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Plot of a volt -ampere curve 
showing actual data points 

A It it ude 273.5 km 

NASA 6-05  
Wallops Is., Va. 
2325 EST 
21 Dec., 1961 

- Vap 1.0 1.5 2.0 
(volt 1 

Fig. 5 .  P l o t  of a volt-ampere curve showing a c t u a l  data poin ts .  
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by t h i s  "breakpoint method" (Method I)  as a func t ion  of a l t i t u d e  i s  shown i n  

F i g s .  6 and 7. 

Tne e i e c l r u n  current  c o l l e c t e d  by a probe a t  t h e  plasma p o t e n t i a l ,  r e f e r r e d  

t o  as t h e  random current ,  i s  given by Eq.  ( 5 ) .  

where : 

Te = e lec t ron  temperature 

m, = mass of an e l e c t r o n  

Ne = ambient e l e c t r o n  dens i ty  

Once t h e  plasma p o t e n t i a l  i s  determined by t h e  breakpoint method, t h e  value of 

t h e  random e l e c t r o n  cu r ren t  can e a s i l y  be found. Using t h e  e l e c t r o n  temperatures  

der ived from t h e  Dumbbell c h a r a c t e r i s t i c s ,  t h e  ambient e l e c t r o n  d e n s i t i e s  were 

ca l cu la t ed  from t h e  random e l e c t r o n  c u r r e n t .  The r e s u l t s  of these c a l c u l a t i o n s  

are p l o t t e d  on Fig.  8. 

Equation (4 )  for t h e  acce le ra t ed  cu r ren t  con ta ins  two unknowns: t h e  m L b i e n t  

e l e c t r o n  dens i ty  and t h e  r e fe rence  p o t e n t i a l .  

t h e  o t h e r  parameters i n  Eg.  ( 4 )  can be considered constant  during one sweep, as 

discussed above, leads t o  ano the r  technique (Method 11) f o r  t h e  determinat ion of 

t h e  e l e c t r o n  densi ty  and t h e  Dumbbell p o t e n t i a l .  

by noting the col lected c u r r e n t  f o r  two d i f f e r e n t  appl ied vol tage va lues  ( se l ec t ed  

t o  ensure acce le ra t ing  c o n d i t i o n s ) ,  two equat ions wi th  two unknowns are obtained,  

which then are solved. A computer program was w r i t t e n  t o  o b t a i n  such s o l u t i o n s  

The f a c t  t h a t  these unknowns and 

The method employed i s  simple; 
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from t h e  a c t u a l  volt-ampere c h a r a c t e r i s t i c s .  S ix  t o  e i g h t  p o i n t s  from each curve 

were read i n t o  t h e  computer and s u b s t i t u t e d  i n t o  Eq .  (6), f o r  t h e  number d e n s i t y  

Ne * 

T 

2.me .1/2 

This equat ion i s  obtained from simple rearrangement of Eg 

assumed constant  during one sweep, a value for t h e  Dumbbe 1 equ i l ib r ium p o t e n t i a l ,  

VD, i s  obtained corresponding t o  each p a i r  of d a t a  p o i n t s  I n  t h i s  program a value 

of VD i s  f i r s t  calculated f o r  a l l  t h e  p o s s i b l e  combinations of p a i r s  a n d  from t h e s e  

( 4 ) .  Since Ne i s  

a n  average value of V, i s  obtained.  This average value of VD i s  then used t o  c a l -  

c u l a t e  t h e  ambient e l e c t r o n  d e n s i t y  from each of t h e  d a t a  p o i n t s  with t h e  a i d  of  

Eq. ( 6 ) .  The r e s u l t i n g  d e n s i t y  values are then  a l s o  averaged. These averaging 

processes  minimize t h e  reading e r r o r s ,  which can be considerable .  The r e s u l t s  of  

t h e s e  c a l c u l a t i o n s  are shown i n  F igs .  6 t o  9 ( t h e  VD values  a r e  corrected a s  de- 

scr ibed on page 22.) 

Another method, which i s  a v a r i a t i o n  of t h e  one p rev ious ly  described (No. 11), 

was a l s o  used t o  obtain e l e c t r o n  d e n s i t y  and Dumbbell p o t e n t i a l  information. This 

approach i s  again based  on solving t h e  acce le ra t ed  e l e c t r o n  cu r ren t  equation f o r  

VD and  Ne. 

curves,  t h e  r a t i o  of c u r r e n t s  i s  

Considering two p o i n t s  on t h e  "acce le ra t ed t t  p o r t i o n  of t h e  volt-ampere 
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I f  t ne  two points  under cons ide ra t ion  cor respur~d t o  the  maximum appl ied 

vol tage ,  Vapm, and t h a t  applied vol tage which b r ings  the  c y l i n d e r  t o  tfie plasma 

p o t e n t i a l ,  [ VD 1 , respect ively,  one can wr i t e :  

Equation (8) provides a f u n c t i o n a l  r e l a t i o n s h i p  between I,, and VD with \Iapm 

as a parameter, thus:  

The experimental volt-ampere curve can be expressed as 

When Vk = -?D, t h e  measured cur ren t  corresponds t o  t h e  random clirrent 

Ier. 

two curves w i l l  i n t e r s e c t  a t  one poin t  only.  A t  t h i s  i n t e r s e c 3 i o c  p o i n t  t he  

applied vol tage i s  equal  i n  magnitude and opposit,e i n  s ign  t o  VD and the cur ren t  

i s  t h e  random current  I,, from which t h e  e l e c t r o n  d e n s i t y  can be compiited [ E q n  

( 3 )  1 .  I n  t h e s e  computations, as previously,  a small c o r r e c t i o n  f a c t o r  was ap-  

p l i e d  t o  VD ( see  p.22) and t h e  e l e c t r o n  temperature va lues  obtained from t h e  

Dumbbell mode of operation were used. A computer program was a l s o  w r i t t e n  for 

t h i s  technique, which w i l l  be r e f e r r e d  t o  as Method 111, and the  r e s u l t s  a r e  

Thus i f  Eq.  (9)  i s  p l o t t e d  on t h e  same sca l e  as the  experimental  curve the  

18 



shown in Figs .  6-9 .  



DISCUSSION 

I n  p red ic t ing  t h e  c h a r a c t e r i s t i c s  of a b i p o l a r  probe it  i s  convenient t o  

p l o t  t h e  cu r ren t  t o  t h e  i n d i v i d u a l  e l e c t r o d e s  i n  t h e  f a sh ion  ind ica t ed  i n  F ig .  

1O(c). 

determined from an inve r t ed  p l o t  as shown i n  F ig .  lO(c)  by reading t h e  vol tage 

between t h e  two curves f o r  given cu r ren t  values .  The necessary requirement of 

zero net  cu r ren t  t o  t h e  whoie b i p o l a r  probe i s  i n h e r e n t l y  s a t i s f i e d  by a theo-  

r e t i c a l  volt-ampere curve constructed i n  t h i s  fashion.  

The volt-ampere c h a r a c t e r i s t i c s  of a two-electrode combination can be 

Such a curve (Fig.  11) was p l o t t e d  using parameters t y p i c a l  of ambient con- 

d i t i o n s  encountered during t h a t  p o r t i o n  of t h e  f l i g h t  from which t h e  d a t a  were 

reduced. I n  construct ing t h e  c h a r a c t e r i s t i c  curves of t h e  Dumbbell t h e  equat ions 

f o r  a moving sphe r i ca l  body were used (Kanal, 1962). 

d i c a t e s  a Dumbbell equ i l ib r ium p o t e n t i a l  of about -0.5 v o l t  as compared with 

about -1 v o l t  determined from t h e  experimental  curves (e .g . ,  Fig.  5 ) .  

reason f o r  t h i s  d i f f e rence  i s  not understood a t  t h e  p re sen t .  

be due t o  any of t h e  following e f f e c t s  o r  combinations t h e r e o f :  

The t h e o r e t i c a l  curve i n -  

The 

It i s  believed t o  

a .  inadequacy of t h e  equat ions used t o  desc r ibe  t h e  a c t u a l  
conditions ; 

b .  difference i n  t h e  work func t ion  of t h e  e l e c t r o d e s  
(Msdicus, 1961); 

c .  e f f e c t i v e  r e c t i f i c a t i o n  of  t h e  r ad ia t ed  t e l eme t ry  s igna l ;  and 

d .  charge buildup. 

There i s  some experimental evidence of t h e  l a a t  two named e f f e c t s .  On one 3f 
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t h e  Dumbbell f l i g h t s  (NASA 6 .04)  t h e  power r ad ia t ed  by t h e  t e l eme t ry  t r a n s m i t t e r  

was reduced p e r i o d i c a l l y  by a f a c t o r  of f x r ,  r e s u l t i n g  i n  a n  apparent decrease 

of t h e  equi l ibr ium p o t e n t i a l .  N o  q u a n t i t a t i v e  s tudy gf t h e  magnitude 2f t h i s  

vDltage s h i f t  has yet been c a r r i e d  x t .  A s  f a r  as e f f e c t  ( d )  i s  cDncerned an 

examination of t h e  upleg and downleg equ i l ib r ium p o t e n t i a l  p r 3 f i l e s  ( F i g s .  5 

and 6 )  i n d i c a t e s  an apparent i nc rease  i n  t h e  p o t e n t i a l  with t i m e ,  which could 

be i n t e r p r e t e d  as a slow charge bui ldup.  This buildup has a l s o  been 3beerved 

on o t h e r  more recent f l i g h t s  .* 

The dashed l i n e  i n  F ig .  11 i s  t h e  t h e o r e t i c a l  Dumbbell curve s h i f t e d  by 0.5 

v 3 l t  which i s  believed t o  approximate t h e  a c t u a l  cond i t ions .  

r e n t  on t h e  experimental curve shown i n  F i g .  4 i s  a l s3  appr3ximately zer3 up t 3  

an applied vol tage of about O . 5 V  ) 

t h e  cy l inde r  i s  driven t o  t h e  plasma p o t e n t i a l ,  t h e  p o t e n t i a l  of t h e  Dumbbell has  

changed by about 3$. 

( N 3 t e  t h a t  t h e  c u r -  

This t h e o r e t i c a l  curve i n d i c a t e s  t h a t  when 

A t  t h e  maximum appl ied p o t e n t i a l  t h e  change i s  l e e s  t h s n  10%. 

Tne "breakpoint method" of a n a l y s i s  uses  t h a t  p o r t i o n  of t h e  wit-ampere 

c h a r a c t e r i s t i c s  where the  cy l inde r  i s  j u s t  a t  t h e  plasma p o z e n t i a l .  

d iv i s ion"  a t  t h a t  point i s  only 5%)  which was decided t o  be too  small t 3  warrant 

any c o r r e c t i 3 n s .  In t h e  o t h e r  two methods, t h e  curves were analyzed i n  t h e  re-  

giDn where t h e  voltage d i v i s i o n  varies between j - l O %  r e s u l t i n g  i n  an overest imate  

of VD somewhere between t h e s e  two extremes. The VD values  ca l cu la t ed  by t h e s e  

two methods are averages and the re fo re  it was decided t h a t  a 7% reduct ion i n  t h e  

ca l cu la t ed  values  would g ive  a good estimate 3f t h e  t r u e  value.  A somewhat hign2r 

value than t h e  mean between t h e  extremes was se l ec t ed  because more p3 in te  f r m  t h e  

h ighe r  vol tage end 3f t h e  curves were used. 

*L. H. Brace, p r iva t e  communication. 

The "v3ltage 
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The s c a t t e r  i n  t h e  Dumbbell equilibrium p o t e n t i a l  d a t a  from a l l  t h e  t h r e e  

methods i s  a b m t  t h e  same. A s  an example, all the pointcc obtained from t .he  up- 

leg d a t a  by Nethod I1 along with the r e s u l t i n g  p r o f i l e  curve are shown i n  F ig .  

12. The root-mean-square dev ia t ion  of t h e  d a t a  p o i n t s  from t h i s  curve i s  l e s s  

t han  .06 v o l t .  There i s  e x c e l l e n t  agreement among t h e  downleg r e s u l t s  obtained 

by t h e  t h r e e  methDds. There i s  some spread among t h e  upleg curves a t  t h e  lower 

a l t i t u d e s ,  but t hey  tend t o  converge near  apogee. 

The d e n s i t i e s  ca l cu la t ed  by the breakpoint method are not d i r e c t l y  depen- 

dent on t h i s  vol tage d i v i s i o n  e f f e c t  and t h e r e f o r e  need no c o r r e c t i o n .  The 

s e n s i t i v i t y  of t h e  cu r ren t  d e t e c t o r  was such t h a t  t h e  d e f l e c t i o n  a t  t h e  po in t  

where t h e  c y l i n d e r  reaches t h e  plasma p o t e n t i a l  i s  small (about 10% of f u l l  

s c a l e ) .  The reading e r r o r s ,  t he re fo re ,  introduced a l a r g e  s c a t t e r  i n  t h e  d a t a  

p o i n t s  as i s  ind ica t ed  i n  Fig.  13, which shows t h e  ca l cu la t ed  upleg d e n s i t y  

p o i n t s .  The root-mean-square deviat ion about t h e  curve drawn through t h e s e  

p o i n t s  i s  1.38 x lo1' particles/rn3. 

t h a t  no attempt was made t o  construct  a p r o f i l e .  

The s c a t t e r  i n  t h e  downleg data  was so bad 

The r e s u l t s  of upleg and downleg d e n s i t y  d a t a  by both Methods I1 and I11 

(with t h e  modified VD) i s  shown i n  Figs .  8 and 9 .  

correspond t o  l i n e s  drawn through the s c a t t e r  of d a t a  p o i n t s .  Since i n  t h e  

c a l c u l a t i o n s  t h e  camputer program already does a c e r t a i n  amount of averaging,  

t h e  s c a t t e r  i s  less .  A s  a t y p i c a l  example, t h e  d a t a  p o i n t s  f o r  t h e  downleg 

curve der ived by Method I1 a r e  shown i n  Fig.  14. 

t i o n  of t h e  i n d i v l d u a l  p o i n t s  about t h e  curve i s  0.7 x 10"' p a r t i c l e s / n 3 .  

The i o n  d e n s i t y  p r o f i l e s  derived from t h e  Dumbbell d a t a  are a l s o  shown for 

comparison i n  F igs .  8 and 9. 

The curves i n  t h e s e  f i g u r e s  

The root-mean-square devia-  

The e l ec t ron  d e n s i t y  p r o f i l e  obtained by 
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t h e  ionosonde s t a t i o n  a t  Wallops Island a t  launch t i m e  i s  shown with t h e  upleg 

curves i n  F ig .  8. 

I11 and t h e  major p o r t i o n  of t h e  ion  d e n s i t y  curve i s  e x c e l l e n t .  

with t h e  curve from Method I i s  not as  good, but  t h i s  i s n o t  s u r p r i s i n g  because of 

t h e  r e s o l u t i o n  problems mentioned i n  t he  previous paragraph and t h e  r e s u l t i n g  

spread i n  t h e  d a t a  p o i n t s .  The deviat ion of t h e  Dumbbell r e s u l t s ,  from those  ob- 

t a ined  by t h e  o t h e r  methods above about 330 km, i s n o t  s i g n i f i c a n t ,  s i n c e  it has 

been pointed out by Brace (1962) t h a t  t h e  v e l o c i t y  dependent equat ions used t o  de- 

r i v e  t h e  ion  d e n s i t y  from t h e  col lected ion  cu r ren t  have a tendency t o  overcorrect  

near apogee. The agreement among the  peak d e n s i t i e s  measured by t h e  ionosonde and 

t h e  o t h e r  methods i s  b e t t e r  t han  lo$. The a l t i t u d e  of t h e  F2 peak according t o  t h e  

ionosonde i s  a t  347 km whereas the  other  measurements put  t h i s  peak between 300-315 

km. 

ionosonde technique i n  a s s ign ing  a n  a c t u a l  he igh t  t o  t h e  d e n s i t y  peak, a cond i t ion  

aggravated at. n i g h t .  w h e n  t h e  i inknnwn r h a r c p  d e n s i t i e s  a t  I n w e ? -  a l t i t l l d e q  hernrne 

The agreement between t h e  p r o f i l e s  obtained by Methods I1 and 

The agreement 

The cause of  t h i s  disagreement may be due t o  t h e  inhe ren t  d i f f i c u l t y  of t h e  

more s i g n i f i c a n t  ( e  .g . ,  Rawer, 1957). Both t h e  ion-and e l ec t ron -dens i ty  measure- 

ments i n d i c a t e  increased d e n s i t i e s  during t h e  downleg p o r t i o n  of t h e  f l i g h t ;  how- 

ever,  t h e r e  i s  disagreement about t he  magnitude of t h i s  i nc rease .  The e l e c t r o n  

d e n s i t y  values obtained from t h e  cyl inder  by Methods I1 and I11 considerably ex- 

ceed t h e  ion  d e n s i t y  derived from t h e  Dumbbell d a t a  (up t o  25%). The a l t i t u d e  

of t he  F2 maximum on t h e  downleg curves i s  between 285-305 km, which i s  a d e f i n i t e  

change from t h e  upleg condi t ions.  

t h e  ionosonde a t  t h e  t i m e  of launch does follow t h i s  t rend of decreasing a l t i t u d e  

for t h e  F2 maximum. There was an approximately 20-minute l o c a l  t i m e  change and a 

The high a l t i t u d e  of t h e  F2 peak measured by 



3° l a t i t u d e  change between t h e  beginning of t h e  upleg and t h e  end of t h e  downleg 

p o r t i o n  of  t h e  f l i g h t ,  but t h e s e  f a c t o r s  do not seem t o  be s u f f i c i e n t  t o  exp la in  

t h e s e  l a r g e  changes. It should a l s o  be mentioned t h a t  the e l e c t r o n  temperatures 

measured during the  downleg p o r t i o n  of  t h e  f l i g h t  d i f f e r e d  by as much as 230°K 

from t h e  upleg temperatures (Brace, 1562), i n d i c a t i n g  t h a t  t h e  measurements were 

probably made during v a r i a b l e ,  somewhat anomalous, cond i t ions .  

This  d e t a i l e d  study of  t h e  experimental ly  obtained volt-ampere c h a r a c t e r i s t i c s  

hzs shown t h e  f e a s i b i l i t y  of u s ing  such probes f o r  ionospheric e l e c t r o n  d e n s i t y  

measurements. The o v e r a l l  accuracy of such measurements can undoubtedly be improved 

from t h e s e  reported here  (est imated a t  about 15$) by optimizing t h e  experiment para-  

meters f o r  d e n s i t y  measurement. An even l a r g e r  area r a t i o ,  a fas ter  sweep, a n d  

g r e a t e r  appl ied voltage are but  t h r e e  of s e v e r a l  changes which would s i g n i f i c a n t l y  

improve t h e  measurement. 

This s tudy has a l s o  shown t h a t  t h e  equ i l ib r ium p o t e n t i a l  of a reference body 

i n  t h e  ionosphere can be determined by t h e  a n a l y s i s  of t h e  volt-ampere cha rac t e r -  

i s t i c s  of a small c y l i n d r i c a l  probe. The determinat ion of t h i s  p o t e n t i a l  for t h e  

curves h e r e i n  analyzed i s  bel ieved accu ra t e  t o  b e t t e r  t han  lo$, which, as i n  t h e  

case of d e n s i t y  determination, can be improved by proper choice of experimental  

parameters.  

The d a t a  gathered by numerous recent  c y l i n d r i c a l  probe experiments a r e  being 

processed and reduced by L. H.  Brace of NASA's Goddard Space F l i g h t  Center.  It 

seems c e r t a i n  t h a t  t h e  accuracy of those  experiments w i l l  be considerably b e t t e r  

s i n c e  t h e  technique i s  being c o n t i n u a l l y  improved. This technique i s  r a p i d l y  

reaching t h e  po in t  where it can be used t o  o b t a i n  accu ra t e  e l e c t r o n  d e n s i t y  i n f o r -  
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mation, t h u s  providing a new t o o l  f o r  d i r e c t  measurements of t h e  e a r t h ' s  

ionosphere.  
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